Introduction
The complex metal-rich phosphide LiCo6P4 [1] is the prototype for a small series of compounds. LiCo6P4 crystallizes with space group P6 -m2, Pearson symbol hP11 with one formula unit per cell. The structure comprises seven crystallographically independent sites. The representatives [2] [3] [4] [5] [6] [7] with the different coloring on these sites are listed in Table 1 . The phosphides and arsenides exist for cobalt and rhodium and the cation position of lithium can be substituted also by an alkaline earth metal. A peculiar example is the low-temperature phase of UCr6P4 with a distinctly lower valence electron count. Recently the first tetrelides with LiCo6P4 type structure were reported; the silicide CeRh6Si4 [5] and the series of germanides RERh6Ge4 (RE = Y, La-Nd, Sm-Lu) [6, 8] . Thus, compounds with the LiCo6P4 type allow for certain flexibility in the valence electron concentration.
This peculiar structure type is built up from a rigid three-dimensional polyanionic network which leaves channels for the cations. The CeRh6Ge4 structure is exemplarily presented in Figure 1 . The bonding variations in this structure type mainly result from the coloring within the polyanion. A very interesting bonding situation concerns the alkali metal compounds KIn6Au4 and RbIn6Au4 [7] , where the transition metal and pelement atoms exchange their sites, a consequence of the high electronegativity of the gold atoms. Formally one can call KIn6Au4 and RbIn6Au4 anti-types of LiCo6P4, similar to the well-known relationship perovskite-anti-perovskite.
So far only few of the LiCo6P4 type compounds have been studied with respect to their chemical and physical properties. KIn6Au4 is a Pauli paramagnet [9] and the germanides RERh6Ge4 (RE = Ce, Gd-Yb) [6, 8] show Curie-Weiss behavior with experimental magnetic moments close to the free-ion values of RE
3+
. The highest magnetic ordering temperature of TN = 13.6 K occurs for TbRh6Ge4.
First studies on electronic structure and chemical bonding have been performed for KIn6Au4 [7] , and LiCo6P4 [9] . Both structures show optimized covalent bonding in their [10] [11] [12] [13] .
In extension of our synthetic work on LiCo6P4 type compounds we have now studied the electronic structures and chemical bonding of the whole family in the context of DFT based calculations [14, 15] , focusing on the electronic structure (density of states, magnetic ground states) as well as trends in the cohesive energies, the atomic charges and the overlap populations providing hints on the properties of chemical bonding.
Computational methodologies
Two computational methods within the DFT [14, 15] were used in a complementary manner. The Vienna ab initio simulation package (VASP) code [16, 17] allows geometry optimization and cohesive energy calculations. For this we use the projector augmented wave (PAW) method [17] , with the generalized gradient approximation (GGA) scheme following Perdew, Burke and Ernzerhof (PBE) [18] . Semi-core electrons of Li, K, Rb, Mg, Ca, Sr states were considered upon building the respective PAW potentials. Preliminary calculations with local density approximation LDA [19] led to largely underestimated volumes versus the experiment. The conjugate-gradient algorithm [20] is used in this computational scheme to relax the atoms. The tetrahedron method with Blöchl corrections [21] as well as a Methfessel-Paxton [22] scheme was applied for both geometry relaxation and total energy calculations. Brillouin-zone (BZ) integrals were approximated using the special k-point sampling. The optimization of the structural parameters was performed until the forces on the atoms were less than 0.02 eV/Å and all stress components less than 0.003 eV/Å 3 . The calculations are converged at an energy cut-off of 500 eV for the plane-wave basis set with respect to the k-point integration up to 8  8  13 (kx, ky, kz) for best convergence and relaxation to zero strains. The calculations are scalar relativistic and assume spin degenerate total spins.
Then all-electron calculations with the GGA were carried out for a full description Ce and U, lmax+1 = 3 for T, and lmax+1 = 2 for X. Self-consistency is achieved when charge transfers and energy changes between two successive cycles were below 10 -8 and 10 -6 eV, respectively. BZ integrations were performed using the linear tetrahedron method within the irreducible wedge. Besides the site projected density of states, we discuss qualitatively the pair interactions based on the overlap population analysis with the crystal orbital overlap population (COOP) [25] . In the plots, positive, negative, and zero COOP indicate bonding, anti-bonding, and non-bonding interactions, respectively.
Crystal chemical considerations
Before starting the theoretical description we draw back to the crystal chemical details of the LiCo6P4 type phases. This peculiar structure type is realized for several pnictides, but recently also the first tetrelides have been reported. The different coloring of the atoms on the seven crystallographically independent sites is summarized in Table   1 .
Exemplarily we discuss the CeRh6Ge4 structure [6] . The rhodium and germanium An alternative description of the CeRh6Ge4 structure is possible via the coordination polyhedra (Fig. 2) . The cerium atoms have coordination number (CN) 18 by six germanium and twelve rhodium atoms. These CN18 polyhedra fill the corners of the unit cell and they are stacked along the c axis via common hexagonal faces. The second relevant polyhedron concerns the Ge1 atoms which have CN9 by rhodium atoms. These
Ge1@Rh9 polyhedra fill the space between the corner-sharing (via rhodium atoms)
Ce@Ge6Rh12 polyhedra.
Besides the classical site occupancy variants, also the alkali metal compounds KIn6Au4 and RbIn6Au4 [7] with an inverse site occupancy have been reported. The second exception concerns the phosphides ScRh6P4, YbRh6P4, and LuRh6P4 [30] . They crystallize with a superstructure of the LiCo6P4 type, resulting from two translationengleiche symmetry reductions. Small atomic displacements allow for a weak puckering. Nevertheless, their composition will only be discovered by serendipity.
Results and discussion

Non-magnetic representatives
MgCo 6 P 4
Recent DFT investigations of LiCo6P4 together with Li2Co12P7 [9] have shown the particularity in both phosphides to exhibit strong Co-P bonding within the polyanionic From Table 2 In so far as the calculated structure parameters are found close to the experimental values [2] , the electronic structure and the properties of chemical bonding are calculated using the latter. They were started assuming spin degenerate non spin polarized (NSP) magnetic configuration. Spin polarized (SP) calculations were carried out for the Ce and U based magnetic compounds which present an instability in such NSP configuration.
This is detailed in following sections.
With the all electrons ASW method, at self consistent convergence of the energies and charges, small charge transfers similar to the above trends were obtained. 
Reverse site occupancies in KIn 6 Au 4 and RbIn 6 Au 4
The alkali metal compounds KIn6Au4 and RbIn6Au4 [7] show an inverse site occupancy with respect to the classical site occupancy variants as the Li and Mg compounds. The electronic structure and bonding properties were studied with the LMTO code by Li and Corbett in 2007 [7] without pointing out to the charge changes that we address here based on Bader analysis of the charge density resulting from PAW-GGA calculations. The energy results and the Bader charge analysis results obtained after the calculations are shown in Table 3 .
Clearly the effect of inverse site occupation is reflected in the charges whereby In sites carry positive charges whereas Au is negatively charged. 
Magnetic representatives based on Ce and U
In the context of the peculiar crystal chemical characteristics of the A atom weakly bonded within the [T6X4] building blocks, it becomes relevant to examine the effects on the magnetism at the levels of the T as well as the A atoms with A = Ce, U.
CeRh 6 Si 4 and CeRh 6 Ge 4
As shown in Table 4 the calculated charge carried by Ce in both compounds does not give a hint on the valence state of Ce i.e. trivalent or intermediate valent [36] . Lastly we mention that the synthesis of larger CeRh6Ge4 quantities for neutron diffractions studies is in progress. Individual constituents: E(K -bcc) = -1.01 eV; E(Rb -bcc) = -0.94 eV; E(In -simple tetragonal) = -2.44 eV and E(Au -fcc) = -3.21 eV. Individual constituents: E(Ce -hex.) = -5.71 eV; E(Rh -fcc) = -7.27 eV, E(Si -fcc Blende) = -5.41 eV and E(Ge -fcc Blende) = -4.49 eV. 
